Abstract. New aspects of the life-cycle of the flightless wing-polymorphic bug Pyrrhocoris apterus (L.) are described. It was found that 1.1-14.9% of the adult females of P. apterus in 11 samples collected from 4 populations in the South Bohemia had mated prior to entering diapause and their ovaries were in the pre-vitellogenic stage of development with viable sperm in their spermathecae. Some of these females successfully overwintered. The percentage of overwintering females that had been fertilized ranged from 1.1 to 7.2 % and depended on the month and year of collection. The results indicate that pre-diapause mating and overwintering of fertilized females is not unusual in populations of P. apterus in the Czech Republic and and that sperm in overwintering female survives for at least 7-8 months.
INTRODUCTION
The firebug, Pyrrhocoris apterus (L.), has been studied as a convenient experimental tool for biological research (for review see Socha, 1993) . It is a common palaearctic species particularly in the Mediterranean area and eastern and central Asia. In central Europe, the bug lives at the foot of lime trees (Tilia cordata Miller, T. platyphyllos Scopoli) and feeds on the seeds of these trees. The bug shows a conspicuous wing polymorphism, producing short-winged (brachypterous) and long-winged (macropterous) morphs (Hon k, 1974; Socha, 1993) . Both the macropterous and brachypterous adults of P. apterus are flightless (Socha & Zemek, 2000a) , disperse by walking (Socha & Zemek 2000b) , with the macropterous adults showing a higher dispersal (Socha & Zemek, 2003) and lower mating activity than brachypterous adults (Socha 2004 (Socha , 2006 . Development leading to either brachypterous or macropterous morphs is genetically determined (Hon k, 1986a) , but influenced by environmental variables (Hon k, 1974 (Hon k, , 1976 . Under short-day conditions (photophase < 16 h), bugs from populations collected in the Czech Republic go into reproductive diapause and virtually all are brachypterous, while under longer days they do not enter diapause and a fraction of each population (0-14% and 33% in the the Czech Republic and Israel, respectively) are macropterous (Hon k, 1976 (Hon k, , 1981 Socha, 2001) . However, the percentage of macropters varies in natural populations, both between localities and at one locality during a season and may exceed 60% at some warmer places during hot summers (Hon k, 1986b) .
Wing polymorphism and reproductive diapause in P. apterus are controlled by photoperiod and temperature, and the photoperiodic control of these traits is geographically dependent (Socha, 1993 (Socha, , 2001 ). In Czech populations diapause prevents reproductive activity of both sexes in late summer and early autumn and diapause development is almost complete by December/January (Hodek, 1988) . After termination of diapause the bugs begin to copulate and lay eggs even under short-day conditions, which previously induced diapause and inhibited ovarian development. The bugs overwinter as adults, begin copulating in March and laying eggs in March or May Hon k, 1976) , depending on the temperature. The first adults of the new generation appear from the middle or end of June (Socha & Šula, 1996; Koš ál & Šimek, 2000) . High temperatures increase the percentage of macropters in late June to early August. Persistence of non-functional macroptery in this species is conjectured to be related to the prevention of immediate oviposition by the macropterous females that moult early and the production of a second generation, which would otherwise be prevented by the approaching end of the season (Hon k, 1987) . Reproductive diapause in P. apterus is facultative and all individuals are potentially polyvoltine (Hodek, 1968) . Voltinism under natural conditions depends on temperature and may indicate climatic changes.
According to many authors, e.g. Schulze (1913 ), Schwoerbel (1956 ), Tischler (1959 ), Pouvreau (1963 and , P. apterus does not mature eggs in the same year as it becomes adult, but enters directly into diapause. Pre-diapause mating, entry of females into hibernal diapause as fertilized adults and overwintering of fertilized females either were not considered possible or not reported for this species. Pre-diapause mating means mating of females before the onset of reproductive diapause, i.e. either during reproductive activity or the prediapause phase of adult life. This aspect of the life cycle of this bug might play an important role in the spread of its macropterous genotype to new areas.
The aim of the present paper was therefore to show that pre-diapause mating and the overwintering of fertilized females is not an unusual phenomenon in P. apterus populations, and that seasonal dynamics and the life-cycle phenology of this flightless wing-polymorphic species is more flexible than hitherto supposed.
MATERIAL AND METHODS

Sampling of insects
Adults of P. apterus were collected from populations located at eské Bud jovice -Stromovka (Czech Republic, South Bohemia 48°59´N, 14°28´E, 400 m a.s.l.) and the towns of K emže (48°54´N, 14°18´E, 521 m a.s.l.), Jistebnice (49°29´N, 14°31´E, 578 m a.s.l.) and Chel ice (49°7´N, 14°9´E, 457 m a.s.l.), which are 20-50 km from eské Bud jovice. The bugs were collected either during diapause but before overwintering (in August-November) or after completion of diapause and overwintering (during January-February) in years 2000-2007. Large samples of adult females (at most 208 individuals) were collected at random from each of the populations. The fieldcollected specimens were immediately transported to the Institute of Entomology in eské Bud jovice. The bugs were classified as brachypters or macropters, based on the absence or the presence of a wing membrane (Socha & Šula, 1996) and adult females of each wing morph kept separately. The samples included mainly specimens of the brachypterous morph, which is dominant in South-Bohemian populations of this bug (Socha, 1993; Socha & Šula, 1996) .
Analysis of life-cycle parameters
The field-collected females of P. apterus were transported (ca. 1-3 h) in plastic bottles with perforated caps to the laboratory and immediately transferred to a long-day (18L : 6D) photoperiod and a constant temperature of 26 ± 1°C. The bugs were kept individually in Petri dishes (6 cm diameter) and supplied with linden seeds (Tilia cordata Miller) and water ad libitum. The water was supplied in small glass tubes plugged with cotton wool. Egg laying and mortality of these females were checked daily. The 1st egg batch laid by each of these females was transferred to Petri dishes (6 cm diameter) provisioned with linden seeds and water, and whether the eggs hatched determined.
The following parameters were recorded: (1) reproductive vs. diapausing status of females; (2) the average length of preoviposition period (pre-OP), i.e. the time in days that elapsed between collecting the adult females and their laying the 1st batch of eggs; (3) the percentage (%) of diapausing females that were fertilized before overwintering, and (4) the percentage (%) of overwintering fertilized females. The reproductive vs. diapausing status of individual females was determined based on the length of pre-OP. Females that did not oviposit within 14 days of being transfered from the field to a long-day (18L : 6D) photoperiod and a temperature of 26 ± 1°C in the laboratory were considered to be in diapause (Socha & Hodková, 1994) . Females whose eggs hatched were considered as fertilized. Diapausing fertilized females vs. overwintering fertilized females, which had completed diapause, were distinguished by the length of their pre-OP, which is considerably shorter in the latter females (Socha & Šula, 1996) . The length of pre-OP of overwintered post-diapausing females, i.e. those that completed hibernal diapause as late as early February , decreases to ca. 8 days, which is similar to that recorded for reproductively active (non-diapausing) females.
RESULTS
Percentage of diapausing fertilized females in field populations of P. apterus
The percentage of adult females that were fertilized in samples of P. apterus, collected from populations in different places during the months August-November of the years 2000-2005, was determined. Results of the fertilization tests are summarized in Table 1 .
The percentage of diapausing fertilized females in 11 samples collected from field populations collected between August and November was relatively low and varied from 1.06 to 14.9% depending on the month and year of collection. All the females tested had already entered reproductive diapause, since the lengths of pre-OP of these females were longer than 14 days, which is the criterion for the intensification or maintenance of diapause in this species (Socha & Hodková, 1994) . The length of pre-OP of the females tested varied from 19.43 to 33.33 days, depending on the month and year of collection. As in a previous study, such females were classified 522 Explanation and abbreviations: * -macropterous females; pre-OP -pre-oviposition period. The length of pre-OP of females is the period in days from the day they were transfered from the field to the laboratory, to the day on which they first laid eggs. The numbers in the brackets are the numbers of females in the samples that were tested. as in diapause. The diapausing females whose pre-OPs were longer than 14 days and they laid fertilized eggs were classified as diapausing fertilized females. Results indicate that at least a small percentage of the females in all the populations studied were fertilized, which indicates that they must have mated before entering diapause, most likely during the second half of July or exceptionally at the start of August. This indicates that mating between pre-diapause adults occurs in this insect.
Percentage of overwintering fertilized females in field populations of P. apterus
The results for females collected from populations at different places in January and February in 2000-2007 are summarized in Table 2 .
The percentage of overwintering fertilized females in 9 samples collected in the field in January and February was as low as that recorded in the field the previous August-November. The percentage of overwintering fertilized females ranged from 1.05 to 7.23% and the average pre-OP of these females varied from 8.61 to 13.75 days, depending on the month and year they were collected. Since the average lengths of the pre-OP of these females were shorter than 14 days, they were classified as overwintered post-diapausing females. Because they were no longer sensitive to the diapause-inducing short-day photoperiod and had already completed their reproductive diapause, the length of their pre-OP was almost as short as that of reproductively active females. Females whose pre-OPs were shorter than 14 days and which laid fertile eggs were classified as overwintering fertilized females. Females that laid sterile eggs and had pre-OPs shorter than 14 days were classified as overwintering non-fertilized females. These results indicate that a small percentage of the females collected in the field had mated and were fertilized before the onset of diapause, survived the cold conditions and successfully overwintered.
DISCUSSION
Pre-diapause mating and the overwintering of fertilized females in insects
The results indicate that a small percentage of P. apterus females of the 1st generation in the field in temperate regions mate prior to entering diapause and can successfully overwinter with their ovaries at the previtellogenic stage of development and viable sperm in their spermathecae. As these females are fertilized they can disperse from their place of birth and produce offspring without mating again. The results of the present study indicate that mating prior to diapause and the overwintering of fertilized females is not an unusual phenomenon in populations of P. apterus in temperate regions.
According to Merle (1969) this bug has two generations per year in the south of France. Adults of the 1st generation reproduce and then die whereas those of the 2nd generation enter diapause and successfully overwinter. Whether any of the adult females of the second generations mate, lay eggs and then enter diapause and survive over-winter is unknown, but this seems unlikely. Previously Socha & Šula (1992) reported that P. apterus might also complete two generations per a year in northern temperate regions. In addition, the results of the present study indicate that a fraction of diapausing and overwintering females in temperate regions could be fertilized. It cannot be excluded, however, that this type of life cycle prevails or occurs more frequently at southern localities. Laboratory mating tests also provide evidence indicating that females of P. apterus that have mated can overwinter. Almost 30 and 50% of the pre-diapause macropterous and brachypterous females tested, respectively, were fertilized by reproductively active brachypterous males (Socha, unpubl. data) . The present results indicate that the life-cycle of P. apterus is more flexible than hitherto supposed.
The percentage of overwintering fertilized females of P. apterus most probably varies between years, depending not only on the environmental conditions, but also on the physiological status of the fertilized females
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Explanation and abbreviations: pre-OP -pre-oviposition period. The length of pre-OP of females is the period in days from the day they were transfered from the field to the laboratory, to the day on which they first laid eggs. The numbers in the brackets are the numbers of females in the samples that were tested. and the length of their adult life. It cannot be excluded that the viability of sperm and its storage in the spermatheca of reproductively active, pre-diapausing and diapausing fertilized females, and also the ratio between these types of females varies between years depending on the temperature and differences in microclimatic conditions. The percentage of overwintering fertilized females of P. apterus in individual years might also depend on different survival rates of these females during hibernation. In many taxa of insects the number of sperm stored by females is lower than that transferred by males during copulation (Eady, 1994; Bloch Qazi et al., 1996; Bernasconi et al., 2002) and is influenced by various factors (Simmons, 2001) . Provided that there is a positive relationship between the length of adult life, sperm viability and temperature, then the incidence of pre-diapause mating and the percentage of overwintering fertilized females of P. apterus could be theoretically higher in populations originating from warmer localities and southern countries. However, if the non-fertilized females suffer less mortality than fertilized females after exposure to low temperature during winter, then the opposite result is expected. Irrespective of the possible differences in the sperm viability and which of above-mentioned alternatives is valid, sperm storage by overwintering females of P. apterus has not been previously documented. Thus, the present study for the first time demonstrates that fertilized females of this bug can survive a long period of cold conditions with fertile sperm stored in their spermathecae. The longevity of the sperm in the bursa copulatrix of overwintering fertilized females of P. apterus was found to be at least 7-8 months. Overwintered females of this bug can lay eggs that in some cases were fertilized by the sperm of matings that occurred prior to overwintering. Thus, a certain percentage of overwintering genomes may be those of adult females and the sperm from matings from the previous summer. This is the first record of prediapause mating and overwintering of fertilized females for this bug. This observation accords well with the knowledge that in some insect species semen is stored in the spermatheca of females and remains alive from a few days in certain flies up to a few years in some ants and the honeybee (Apis mellifera L.) (Taber & Blum, 1960; Parker, 1970) . Storage of sperm by females is an important aspect of the reproduction of several species, because it enables mating and oviposition to occur at widely separated intervals (Hatch, 1983; Briskie & Montgomerie, 1993) . Overwintering of fertilized females is reported to occur e.g. in some coccinellids (Hodek & Landa, 1971; Hodek & Ceryngier, 2000) , the grasshopper Anacridium aegyptium L. (Pener, 1992) , fruit fly Drosophila pseudoobscura Frolova and Astaurov (Collet & Jarman, 2001) , most mosquitoes, such as Anopheles, Culex and Culiseta from cool-temperate regions (Mouchet et al., 1969; Sulaiman & Service, 1983) , the spider mite Tetranychus urticae Koch (So & Takafuji, 1991) and the cyclopoid copepod, Cyclops strenuus Fischer (Naess & Nilssen, 1991) .
The possible role of overwintering fertilized females in the life-cycle of P. apterus
Brachypterous and macropterous females of P. apterus that mate before they enter diapause and overwinter can produce progeny without mating again the following spring. It is possible that pre-diapause mating and fertilization of females is adaptive, because sperm storage by females means they can disperse, lay fertilized eggs and successfully colonize habitats where there are no males. It is probable, that pre-diapause mating occurs not only in phenotypically macropterous females but also in phenotypically "brachypterized" females with a macropterous genotype, which develop when larvae of the homozygous macropterous strain are exposed to low temperature and/or photoperiods shorter than 16 h (Hon k, 1987; Socha, unpubl. data) . Fertilization of P. apterus females before overwintering and dispersal to new habitats the following spring might be an important aspect of the life cycle of this bug, which enables them to colonize new areas, even in the absence of males. This newly described aspect of the life cycle of P. apterus appears to be especially important for macropterous adults that have a greater walking and dispersal capability (Socha & Zemek, 2000b , 2003 and readily leave their natal sites and disperse to new areas. It could play an important role in the spread of the macropterous trait to new areas and the flow of the macropterous genes between populations of P. apterus. This suggestion accords well with the finding that almost 30% of the macropterous females of the oriental chinch bug, Cavelerius saccharivorus Okajima, are inseminated just before emigration (Fujisaki, 1992) and the knowledge that patterns of gene flow are strongly influenced by the reproductive and dispersal strategies of animals (Olivieri et al., 1995; Paradis, 1998) . Thus, the pre-diapause mating strategy of some heterozygous or homozygous females of P. apterus with macropterous genes (either in macropterous or "brachypterized" phenotypic form) before dispersal might be an important aspect of the life cycle of this bug and account for the low incidence of non-functional macroptery in recent populations of this flightless wing-polymorphic insect.
